In this work, we investigate the influence of finite size on the recombinations dynamics of ZnO nanowires. We demonstrate that diameter as well as length of nanowires determine the lifetime of the neutral donor bound excitons. Our findings suggest that while the length is mainly responsible for different mode quality factors of the cavity-like nanowires, the diameter determines the influence of surface states as alternative recombinations channels for the optical modes trapped in the nanocavity. In addition, comparing nanowires grown using different catalyst we show that the surfaces states strongly depend on each precursor characteristics. © 2010 American Institute of Physics. ͓doi:10.1063/1.3496444͔
The great amount of ZnO nanostructures recently produced such as nanodots, nanocrystals, tetrapods, nanorods, and nanowires ͑NWs͒ have opened an entirely new field of research activities. 1 In particular, ZnO NWs represent an extremely convenient system since it is the lowest dimensional system where electrical conductivity measurements can be performed. A giant exciton-polariton coupling has been theoretically suggested for ZnO quantum dots, 2 and recently experimentally demonstrated for a single ZnO NW. 3 The longitudinal-to-transverse exciton-polariton splitting ͑⌬ LT ͒ was shown to be as high as 164 meV for ZnO NWs, i.e., almost two orders of magnitude larger than in bulk samples ͑⌬ LT Ϸ 2 meV for the free A exciton-polariton͒. This result reflects the great influence of finite-size on the excitonpolariton coupling and, consequently, represents a strong motivation for a detailed study of finite-size effects on the cavity-like properties of these nanostructures.
The large surface-to-volume ratio of this one dimensional system is responsible for the high interaction between core and surface electronic states. In addition, the shape of the NWs constitutes itself an optical nanocavity for the propagating electromagnetic waves generated by optical or even electrical excitation. In a recent work, 4 we have shown that the recombination dynamics of the donor bound excitons ͑DX͒ are influenced by the NW's diameter. This effect was attributed to the presence of size-dependent surface states. Nevertheless, due to the nature of the investigated samples we were not able to provide any hint of the influence of finite size on mode quality factor ͑Q͒ of the nanocavities which are formed by the NWs. For this purpose, the DX are an ideal candidate since these are spatially localized states. Consequently, the optical properties of the DX as well as their recombination dynamics provide direct information about the influence of the NW's size on the confinement of the optical modes.
The main purpose of this paper is to show that the cavity-like properties of ZnO NWs are determined by two main contributions as follows: ͑i͒ the influence of surfaces states, and ͑ii͒ the Q-factor of the cavity composed by the NWs. We discuss the relative influence of these effects in NWs with different dimensions and we show that while the Q-factor is mainly governed by the NW's length, additional recombination channels are introduced as surface states by decreasing the NW's diameter. Comparing NWs with similar dimensions grown from different precursors, we show that the surface states strongly depend on the characteristics of each particular precursor.
In order to separately investigate the influence of surface states to that of the Q-factor we have grown two different set of samples ͑three samples for each set͒ using different precursors for the NW's nucleation. The two different catalysts for each set of samples consisted of a thin film of sputtered Au ͑s-Au͒ and colloidal Au ͑c-Au͒ nanoparticles, respectively. All the samples were grown using the vapor-liquidsolid method ͑see Ref. 5 for a detailed description͒. The s-Au NWs were purposely designed to investigate the influence of the diameter on the recombination dynamics and consisted of three samples with diameters of d = 50, 85, 130 nm ͑L Ϸ 1 m͒. The c-Au NWs were employed to study the length ͑L͒ dependence and resulted in L = 1.7, 2.4, and 3.5 m ͑d Ϸ 90 nm͒. The optical properties of these nanostructures were investigated using a micro-photoluminescence setup. The excitation energy was set to 3.496 eV ͑355 nm͒ and focused onto the samples using a 63ϫ ͑NA= 0.75͒ microscope objective mounted on a XYZ piezoelectric stage, which allowed steps of 100 nm. The spatial resolution of the system is estimated to be about 300 nm. For the timeresolved measurements we have used the time correlated single-photon counting technique with a time resolution of about 20 ps.
In Figs is due to the lattice mismatch with the SiO 2 / Si substrate. For the present experiments this situation represents an advantage since in combination with the high spatial resolution of the micro-photoluminescence setup ͑Ϸ300 nm͒ it allows to probe only a few NWs within the laser spot. In Fig. 1͑d͒ we show a representative image of a c-Au ZnO NWs sample. A scheme of a single NW showing the presence of surface states, DX states, and the optical modes confined in a NW is shown in Fig. 1͑e͒ .
We show in Fig. 2 the photoluminescence spectra of the s-Au and c-Au NWs at 4 K. All the samples exhibit a broad transition around 3.377 eV which arises from the freeexciton recombination ͑FX A ͒. Nevertheless, the dominant features of these spectra mainly originate from the neutral-DX around 3.360 eV. Finally, in the lower energy region a broad transition around 3.314 eV is observed only for the s-Au NWs, which probably arises from a free-tobound recombination ͑e, A͒ as recently suggested by Schirra et al. 6 Concerning the DX lines, the two lines around 3.357 eV and 3.361 eV are identified as arising from In ͑I 9 ͒ and Al ͑I 6 ͒ impurities, respectively. 7 The origin of the emission at 3.366 eV is somehow controversial as we have already previously discussed. 4 Unfortunately, within the employed optical techniques we are unable to suggest its precise origin. Nevertheless, it is worth to mention that its linewidth and recombination time are similar to those observed for the I 6 and I 9 excitons ͑see Fig. 4͒ . This suggests that this transition might be related to a DX impurity not identified up to date. In any case, independently of its precise origin its recombination dynamics will be similarly influenced by the NWs dimensions as we will shortly discuss. Figure 3 shows representative transients from the DX at 3.366 eV and of the free-to-bound transition at 3.314 eV for the s-Au sample with d = 50 nm. The lifetime of the three DX lines is generally well described by a single exponential form, which is a signature of a two-level process as expected from these transitions. On the contrary, the decay time of the transition observed around 3.314 eV is clearly not single exponential but rather well represented by a stretched exponential function. This result provides a confirmation that its origin is related to a distribution of states, in accordance with the free-to-bound assignment proposed by Schirra et al. 6 We now turn to the discussion of the influence of finitesize on the recombination times of the DX lines around 3.360 eV. The dependence of the lifetimes with the length and diameter of the NWs is shown in Figs. 4͑a͒ and 4͑b͒ , respectively. At this point we point out that the DX are spatially localized states since they arise from trapping of the free A-exciton to different localized impurity complexes. Consequently, these states exclusively probe the influence of the NW's finite-size on the lifetime of the optical modes which propagate through the NWs. In other words, the oscillator strength of the DX should not depend on the NWs dimensions directly but only through its influence on the confined electromagnetic field in the NWs. This would not be the case if investigating the dynamics of the free-exciton emission since these states have a well defined k in the reciprocal space, which is strongly dependent on the NW's shape. The most striking result in Fig. 4 concerns the measured absolute values for the lifetimes of the DX. For the smaller length and diameter, these lifetimes ͑Ϸ40 ps͒ are below the typical values measured in bulk samples ͑300-400 ps͒ by almost one order of magnitude. 8 This result can cer- tainly not be explained by a size-dependent Q-factor, whose effect is rather to increase the lifetime of the optical modes in the cavity. 9 The origin of this effect is probably related to the presence of surface states, which act as alternative recombinations channels for the confined optical modes. Concerning the influence of the NWs length on the lifetimes, Fig. 4͑a͒ shows larger lifetimes with increasing the length of the NWs, which can be understood by considering the dependence of the Q-factor on the NW's length. This dependence is by no means straightforward to obtain since the reflectivity at the ends of the NWs depends on size due to the diffraction caused by their subwavelength dimensions and, thus, cannot be calculated using the Fresnel relations. Following Ref. 10 , the Q-factor is approximated by:
where L is the NW's length, k z the propagation wave vector along the axis of the NWs, and r is the reflectivity at the ends of the NWs ͑which is assumed to be equal for both ends͒. In addition, the lifetime of the optical modes confined in the NWs ͑ o.m ͒ depends inversely on the confined mode linewidth ͑⌬f͒ as: o.m ϰ 1 / ⌬f ϰ Q / f 0 ͑with Q ϵ f 0 / ⌬f͒. It follows that as Q increases the lifetime of the optical modes in the cavity will also increase, which is reflected in the larger lifetimes ͑relative to the minimum value of about 40 ps͒ obtained for the DX in Fig. 4͑a͒ . Of course that the observed linear relation does not holds for smaller NW's lengths since it would lead to negative lifetimes. We point out that the influence of surfaces states on this series should be similar for all the samples since they have similar diameters ͑d Ϸ 90 nm͒.
The influence of the NW's diameter on the DX lifetimes is shown in Fig. 4͑b͒ . In this case, the length of the NWs is approximately constant ͑L Ϸ 0.9 ͒, so no contribution of this term to the Q-factor is expected ͓see Eq. ͑1͔͒. Nevertheless, as reported in Ref. 11, a small contribution to the quality factor is expected with varying the NWs diameter. The main reason underlaying this effect relays on the fact that as the NW's diameter decreases, the optical mode spreads out of the NW's cross section. In fact, a smaller Q is expected for the smaller diameters. Consequently, as varying the NW's diameter both effects ͑surfaces states recombinations and Q enhancement͒ change continuously in the same direction, which prohibits decoupling these into separate contributions. For this purpose, the results in Fig. 4͑a͒ provide valuable information since the surface states contribution can be considered as a constant for all the three samples. Finally, we can estimate the influence of each catalyst on the resulting surface states by comparing the similar samples in the two series ͑i.e., c-Au: d = 80 nm, L = 1.7 ; and s-Au: d = 85 nm, L = 0.8 ͒. The lifetimes for the corresponding sample in the c-Au series resulted in about 42 ps, whereas we found 70 ps for the one of the c-Au series. Since both samples have approximately similar length, the contribution of the size dependent Q-factor is expected to be similar. Consequently, the observed smaller value for the c-Au sample suggests that the colloidal Au nanoparticles precursor introduces more surface states than the sputtered Au precursor. We are aware of the difference in length of these NWs, nevertheless, if a length correction was included the observed effect would be even larger.
In conclusion, we have shown that the DX constitute a unique tool to probe the finite-size influence on the lifetimes of the optical modes in ZnO NWs. We were able to partly decouple the influence of surface states from that of the mode quality factor, showing that the influence of these two effect is of the same order. Finally, we have shown that different catalysts introduce different surface states which might be of great importance for future applications based on these nanostructures. This work was supported by the CONSOLIDER INGE-NIO 2009 CDS 00050 MULTICAT, by DFG within Grant No. SFB787 and by the "Unicat" cluster of excellence.
